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Atomic reconstruction at the interface of MgZnO and ZnO in molecular beam epitaxy grown
heterostructures is investigated. Using secondary ion mass spectroscopy, we experimentally find
that Mg atomic reconstruction depends on the polarity of the interface; it is not observed in n-type
interfaces (MgZnO on Zn-polar ZnO) owing to electron accumulation, while in p-type interfaces
(ZnO on Zn-polar MgZnO), Mg drastically redistributes into the ZnO layer. Combined with
self-consistent calculation of band profiles and carrier distributions, we reveal that the observed
Mg reconstruction is not due to thermal diffusion but consequences in order to avoid hole
accumulation. This tendency implies inherent significant asymmetry of energy scales of atomic and
electronic reconstructions between n-type and p-type interfaces.VC 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4884383]
Atomic and electronic reconstructions at semiconductor
interfaces are subjects of great fundamental importance in
designing operational devices due to the sensitivity of junc-
tion properties to local structures.1–3 Recent rapid progress
in oxide thin film growth has enabled the precise investiga-
tion of these issues at oxide interfaces, and has revealed that
unique reconstruction mechanisms are active.4–7 One promi-
nent examples is the (001) LaAlO3/SrTiO3 interface, where
alternating stacking of (LaO)þ and (AlO2)
 layers in
LaAlO3 and (SrO)
0 and (TiO2)
0 in SrTiO3 results in an elec-
trostatically unstable interface due to the polar discontinuity
leading to potential divergence.4,5
In addition to the above example of a polar/non-polar
interface, a mismatch of spontaneous polarization at hetero-
interfaces results in a similar electrostatic instability.8–10
When two noncentrosymmetric materials possessing differ-
ent polarization values are intimately contacted, a disconti-
nuity of polarization DP inevitably resides at the interface,
giving rise to potential divergence without relaxation as
depicted in Fig. 1(a). An accessible crystal structure to real-
ize such interface is the Wurtzite type, with representative
materials of BeO, GaN, and ZnO, where anions and cations
are tetrahedrally coordinated to each other but slightly
shifted from the center of gravity due to partial ionicity.11,12
Importantly, in such structures, the (0001) and (0001) surfa-
ces of this crystal are terminated by one of the species of the
atoms depending on the crystal direction. In the case of ZnO,
this is Zn termination for the (0001) surface and O termina-
tion for the (0001) surface.13 Owing to this feature, it is,
thus, possible to avoid mixed termination problems as often
seen in perovskite materials, where, for example, SrO or
TiO2 termination is easily mixed at the surface of SrTiO3,
sensitively depending on surface preparation.14
The Wurtzite type MgZnO/ZnO heterostructure is a
promising technological platform as evidenced efficient
ultraviolet light emission observed in p-MgZnO/n-ZnO junc-
tions.15–20 In similar heterostructures, high electron mobility
transistors have been fabricated through the formation of
two-dimensional (2D) electrons at the MgZnO/ZnO
FIG. 1. (a) Schematic diagram of MgZnO on Zn-polar ZnO substrate, form-
ing n-type interface. Corresponding charge density (q), electric field (E), and
potential (V) are also depicted. (b) The same structure with including elec-
tronic reconstruction by electron accumulation. (c) Schematic diagram for
additional MgZnO layer grown on the structure of (a), forming p-type inter-
face. Hole accumulation in question is also depicted. For all cases, we
assumed a flat potential in the ZnO substrate owing to appropriate charge
compensation by charged adsorbents at the back of the substrate, while any
compensation was assumed at the surface of films, which are not drawn
here.
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heterointerface,21–23 where the electron mobility of the high-
est quality samples now reaches 800 000 cm2 V1 s1
(Ref. 24). It is now well established that the 2D electron gas
(2DEG) is formed as a result of electronic reconstruction to
relax the polarization discontinuity between MgZnO and
ZnO with the relation DP/e n2D (1.5 1011 cm2 per 1%
Mg), where e is the elementary electric charge and n2D is the
sheet carrier density of the 2DEG [Fig. 1(b)] holding well
across a wide range of Mg concentrations.23–25 Although
electric properties have been studied extensively at this
Zn-polar single heterointerface, atomic reconstruction details
remains less well understood.
In this study, we investigate atomic reconstructions in
various types of thin film heterostructures composed of
MgZnO and ZnO layers. As introduced above, the polarity
of heterointerface is solely determined by the growth direc-
tion and the stacking sequence of MgZnO and ZnO; an
n-type (p-type) interface is formed for MgZnO (ZnO) layer
on Zn-polar ZnO (MgZnO) layer because positive (negative)
polarization charges difference DP remain at the interface
[Fig. 1(c)]. For a range of structures, the concentration pro-
file of Mg is selectively measured as a function of depth
using secondary ion mass spectroscopy (SIMS). We find the
Mg profile is sharp and well defined in the case of n-type
interface, while significant invasion of Mg into the ZnO
layer from MgZnO is observed in the p-type interface. Since
Mg concentration is a determinant factor for the magnitude
of polarization charges dP/dx (P is the polarization and x is
the coordinate along growth direction), experimental results
are compared with potential profile calculations. This clari-
fies that the observed behavior cannot be explained by ther-
mal diffusion but is instead interpreted as the avoidance of
the accumulation of high-density holes. Our result indicates
drastic asymmetry in the energy scales of electronic and
atomic reconstructions between n-type and p-type interfaces
in this material.
All films were fabricated by molecular beam epitaxy
(MBE) on Zn-polar ZnO single-crystal substrates (Tokyo
Denpa Co.)26 with 50 nm-thick ZnO buffer layers at 850 C
using high-purity metal sources of Zn (7N5) and Mg (6N),
and distilled ozone. Prior to growth, the substrates were
etched by HCl for 30 second and annealed in the vacuum
chamber at 915 C for 15 min.27 The growth rate was fixed
at 600 nm/h. Surface morphology and crystallinity were
characterized by atomic force microscopy and x-ray diffrac-
tion, respectively, which showed atomically flat surfaces and
the high quality of the films with the in-plane lattice fixed to
the substrate.28 We set the Mg content of MgZnO layer to be
20% for all samples with no sign of MgO segregation, as
measured by x-ray diffraction.29 Mg profiles were measured
by SIMS (Fig. 2), and band and carrier profiles were calcu-
lated using the simulation program nextnano3 (Ref. 30).
We begin by fabricating Sample A, an n-type interface
comprised of a 450 nm-thick MgZnO layer on ZnO buffer/
ZnO substrate. The design (dotted line) and measured (red
solid line) Mg profile is shown in Fig. 2. As expected, the
SIMS measurement for this sample indicates that the inter-
face is sharp, as per design. In this sample, electronic recon-
struction occurs by forming 2D electrons at the interface as
observed in earlier studies,9,24 and hence atomic reconstruc-
tion is not needed. We now add to this structure p-type inter-
faces by growing ZnO on top of the MgZnO layer. Sample B
is formed by growing a 10 nm-thick ZnO layer on top of
100 nm-thick MgZnO layer and evidently, both interfaces
remain intact. In fact, the potential decrease at the surface
from the p-type interface is estimated as 0.33 eV (based on
the uncompensated charge density at the interface of
DP¼ 0.48 lC/cm2 for Mg¼ 20%),25 which is much smaller
than the band gap. Thus, no reconstruction is necessary at
this thickness of the top ZnO layer. However, by increasing
the thickness of the capping ZnO layer to 50 nm (Sample C),
the Mg profile begins to show a severely distorted distribu-
tion compared with the design, and particularly so at the p-
type interface. This effect is further enhanced by growing
even thicker ZnO (300 nm) on MgZnO (Sample D), leading
to abrupt drop of Mg content deep within the MgZnO layer,
followed by a nearly linear gradient of Mg distribution
towards to the surface.
This experimental result could immediately invoke the
interpretation of thermal diffusion playing a dominant role.
However, the profile differs significantly from an error func-
tion type distribution which would be expected from the dif-
fusion equation.31 Further support discounting the thermal
diffusion scenario is observed in Sample E, where a 100 nm-
thick MgZnO is grown on 10 nm ZnO. Here, Mg is distrib-
uted as designed and a thin ZnO layer is maintained. These
results indicate that the unexpected Mg redistribution is
rather due to an inherent asymmetry of reconstruction
FIG. 2. SIMS depth profiles of Mg
concentration for Sample A to Sample
F. The solid curves are experimentally
detected Mg profiles, and the dashed
curves are the designed Mg profile.
The surface is set to be 0 nm.
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mechanisms between n-type and p-type interfaces. This hy-
pothesis is further supported by growing additional 100 nm-
thick MgZnO layer on top of 300 nm-thick ZnO (Sample F),
where we find both of the n-type interface to be stable
against atomic reconstruction, even when it is situated above
the Mg-redistributed p-type interface. This leads to the sur-
prising observation; Mg seems to distribute at p-type interfa-
ces but ceases its advance when an n-type interface is
formed. The different Mg distributions in the ZnO layers
observed in Samples D and F may originate from a differ-
ence in growth duration resulting from the inclusion of the
top MgZnO layer as in Sample F. However, the addition of
this second n-type interface suggests that while Mg distrib-
utes drastically at all p-type interfaces, its advance is appa-
rently halted when an n-type interface is in close proximity.
In spite of this slight quantitative effect of growth time, the
array of tendencies observed across the presented samples
clearly indicates that a peculiar and complex reconstruction
mechanism of Mg in MgZnO/ZnO is at work.
In order to understand the Mg redistribution from an
electronic viewpoint, calculations of the band profile and
carrier distributions were performed by employing the self-
consistent Poisson-Sch€odinger equation expressed as32
d2
dx2
V ¼ q
e
; (1)
d2
dx2
wþ 2m

h2
E  Vð Þ ¼ 0; (2)
where V is the potential, q is the charge density, e is the
dielectric constant, w is the wavefunction of carriers, m* is
the effective mass of electrons or holes, and h is the Planck
constant divided by 2p. Here, q is the sum of carrier distribu-
tion jwj2, polarization charges dP/dx, and residual impurities,
which we set 3.0 1015cm3 as measured for ZnO grown
under similar conditions.33 We used a temperature of 850 C
same as the growth temperature to describe thermally popu-
lated carriers. As boundary conditions, we assumed an arbi-
trary value of conduction band pinning level of 1.5 eV and a
flat band in the substrate region.
The calculated results are shown in Fig. 3 for Sample A,
Sample E, and Sample F by using both the design and exper-
imentally obtained SIMS Mg profiles. In Sample A, the
potential of MgZnO layer slowly increases towards the sur-
face, and the polarization mismatch DP is compensated by
accumulating electrons of the density of 1019cm3 as
shown in the third panel from the top. The conduction band
edge touches the Fermi level at the interface, and the elec-
trons are degenerate. As a result, no atomic reconstruction
occurs with maintaining the band profile close to design.
By now involving the p-type interface inclusive hetero-
structures, we contrast two cases of Sample E and Sample F.
In sample E, a nearly equivalent density of electrons is accu-
mulated at the bottom n-type interface compared with Sample
A. In the 10 nm-thick ZnO layer of Sample E, the number of
holes at the bottom interface is about one order of magnitude
smaller than electrons at the top interface. In this case, only
electronic reconstruction without atomic reconstruction occurs
at both p-type and n-type interface because the ZnO layer is
thin. Therefore, the experimental Mg distribution resembles
closely the designed structure. When the capping ZnO layer is
thicker as in Sample F, the p-type interface should similarly
be reconstructed by some means. While the calculation of the
designed structure for Sample F shows that electronic recon-
struction by accumulating holes would relax the potential
divergence, the experimental results invoke stark contrast. As
discussed above, experimentally, it is found that Mg distribu-
tion is significantly modified. Utilizing the measured
FIG. 3. For Sample A, Sample E, and
Sample F: (top row panels) Designed
Mg profiles, (second row panels) cal-
culated band profiles from the designed
Mg profiles, (third row panels) electron
and hole distributions for the designed
and experimentally detected Mg
profiles, and (bottom row panels)
calculated band profiles from experi-
mentally detected Mg profiles. The cal-
culated electron and hole densities are
magnified by a factor indicated in the
panels.
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experimental Mg distribution in the calculation indicates that
the potential profile is nearly flat in the wide range of the
300 nm-thick Mg-redistributed ZnO layer and a portion of the
bottom MgZnO layer, where low density non-degenerate
holes compensate polarization charges. Based on this calcula-
tion, it is apparent that Mg redistributes at the p-type interface
as if the system aims to avoid accumulating high density
holes. This fact may suggest atomic reconstruction is energeti-
cally more favorable than electronic reconstruction in the
p-type interface, and the opposite is true of n-type interface.
This asymmetry may be interpreted as an inherent difference
in creating electrons and holes in ZnO. Although the above
consideration gives a qualitative explanation for the Mg redis-
tribution, quantitative aspects such as length scale of Mg
redistribution are not clear at the moment, for example, to
account for the difference of Mg distributions between
Sample D and Sample F. To achieve further quantitative
understanding, it may be necessary to properly include micro-
scopic mechanism of electron-hole asymmetry as well as the
effect of finite thermal diffusion.
It is worth mentioning that in contrast to the present
study, previous reports of MgZnO/ZnO heterostructures and
superlattices did not show any signature of atomic recon-
struction or, if at all, showed only polarity-independent ther-
mal diffusion.34,35 In addition to using lattice mismatched
substrate such as Al2O3, this is probably due to the uninten-
tional incorporation of a high density of impurities or
charged defects like Zn interstitials or oxygen vacancies,
which, in turn, may easily compensate the polarization
charges.36 In contrast, our MgZnO/ZnO heterostructures fab-
ricated on high-purity ZnO substrates by MBE contain a
small number of residual electrons of 1 1015 cm3 for
ZnO and 2 1014cm3 for Mg0.2Zn0.8O as reported from
our group (Ref. 33). Since such a small number of residual
carriers are not enough to compensate the polarization mis-
match at the interface, the polarization charges should be
internally compensated by electronic and/or atomic recon-
struction, which we reveal the former is dominant for n-type
and the latter for p-type interfaces. This point may be veri-
fied by intentionally including 1020cm3 electrons (equiva-
lent to residual electrons from charged impurities) in the
calculation for the designed structure of Sample F (not
shown), where it was found that the polarization charges are
completely compensated.
In summary, we have investigated contrasting electronic
and atomic reconstructions at the polarization-mismatched
interfaces of MgZnO and ZnO. By measuring the Mg profile
of a series of heterostructures by SIMS, we found that the
Mg profile remains per design in the case of n-type interfa-
ces, while significant redistribution of Mg is observed for
p-type. This phenomenon cannot be explained by thermal
diffusion exclusively since a 10 nm-thick ZnO layer flanked
by thick MgZnO layers remains intact without Mg recon-
struction (sample E). Simulations of band structure and car-
rier densities reveal that instead it is electrostatic instability
caused by uncompensated polarization charges at heteroin-
terfaces which leads to Mg diffusion. This observation requi-
sites careful consideration of this newly found reconstruction
mechanism in the design and optimization of electronic and
optical devices.
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